How cortical network activity processes information is of importance to a large number of basic and clinical scientific questions. The protocol described here identifies the basic building blocks of this circuitry. The in-depth studies of cortical regions will ultimately provide other scientists with the circuit components needed for an understanding of how the brain acquires, processes and stores information and what goes wrong in disease, while the electrophysiological and morphological data are widely used by computational neuroscientists in the construction of model networks that explore information processing. The protocol outlined here describes how biocytin-filled cells recorded in the CA2 region of the hippocampus are recovered and then reconstructed in 3D. Additionally, the protocol describes the demonstration of calcium binding protein or peptide content in recorded interneurons.
Introduction
The cortex and hippocampus are structures of such complexity that the classification of neuronal subtypes 1, 2, 3, 4 , maps of the connections between them 5, 6, 7, 8, 9, 10, 11 and how this circuitry supports cognitive functions 12, 13, 14, 15 are still under intense study and the subject of continuing debate. For example, to understand the details and complexities of the circuitry and to coordinate data obtained from many different studies, it is extremely helpful to be able to define and describe the components, but it remains a matter for debate how many different classes of neurons exist, or even whether it is possible to define all neurons as belonging to a specific class. Computational tools that can build and test circuits with varying degrees of complexity are being developed 16, 17, 18 , but central to these endeavors is the need for detailed studies of the cell types and of the properties of the connections between them. A large amount of information about the local circuitry of the neocortex of adult rats has already been collected using the protocol described here 10, 19, 20, 21, 22 . Although the "wiring diagram" is far from complete, some clear patterns or rules have emerged. Moreover, although some details vary, these rules are common to two mammalian species (rat and cat) and across several neocortical regions, allowing the development of basic building blocks that are likely to be equally applicable to human neocortex. The technique described here is used to extend our understanding of the functional map of cortical circuitry by identifying the presynaptic and postsynaptic neurons involved in connections in the regions that have not been studied in detail before, using a protocol that allows excellent tissue preservation and remarkable staining recovery in adult brain tissue. Data on the local circuitry in CA2 and neuronal properties in this subfield have been collected with this method by combining intracellular electrophysiological recordings (paired recordings with sharp microelectrodes) with biocytin filling, immunofluorescence, histological procedures and highly-detailed neuronal reconstructions, allowing direct comparison with the neighboring CA regions 23, 24, 25 .
The technique described in this article has been developed over the years to obtain detailed neuronal anatomy allowing the correct classification of the cells and high quality and accurate reconstructions of both their dendritic and axonal arbors, data that can be correlated with electrophysiological data collected from paired recordings using sharp electrodes. The histological protocol has been optimized to preserve the ultrastructure of the neurons and obtain excellent recovery of both dendritic (including spines) and axonal arbors. For example, the principle of the double fixation technique by firstly immersing in a fixative solution and secondly post-fixing in osmium tetroxide gives a good contrast for light microscopy 26 . A small amount of glutaraldehyde and picric acid solution are added to the fixative solution to enhance antibody penetration and to preserve the cells' ultrastructure as suggested in a previous study 27 . The permeabilization of the brain slices using the freeze-thaw method combined with cryo-protection with sucrose, rather than a traditional detergent, also provides optimal preservation of the tissues for detailed morphological analysis of the recorded cells. In addition, the visualization particularly of very fine structures is improved by reducing background staining, with the incubations with hydrogen peroxide (H 2 O 2 ) and sodium borohydride (NaBH 4 ). Adding nickel chloride (NiCl 2 ) to the horseradish peroxidase (HRP) reaction to obtain a black pigment reaction product also increases the contrast.
Determination of Calcium Binding Protein or Protein Content of Interneurons and Biocytin Visualization Following Electrophysiological Recordings and Biocytin Filling
Note: At the end of the electrophysiological recordings, slices that contain biocytin-filled cells are fixed overnight prior to histological procedures. The fixative solution will be replaced with a single change of 0.1 M phosphate buffer the next morning, if the rest of the procedure is carried out on another day, in order to prevent tissue damage. The fixation solution (4% paraformaldehyde, 0.2% saturated picric acid solution, 0.025% glutaraldehyde solution in 0.1 M phosphate buffer (PB)) must be made fresh on the day of the recordings for best results.
1. At the end of the electrophysiological recording, carefully pick up the slice containing the recorded cell(s) with a paintbrush and place it in a pot containing artificial cerebral spinal fluid (ACSF). NOTE: Details of the protocol used for slice preparation and intracellular recordings using sharp electrodes have been described previously 28 . 2. In a fume hood, carefully pick up the brain slice with a paintbrush and roll it onto a small piece of fine quality filter paper. Place another piece of moistened filter paper onto the slice and place the two pieces of wet filter paper in a small plastic pot containing 5-10 mL of fixative solution and store in the fridge overnight at 4 °C. 3. Prepare a solution of gelatin in distilled water. Place 20 mL of distilled water in a beaker on a hot plate and heat it to 60 °C. Add progressively 2.4 g of gelatin to the water, wait until dissolved and allow it to cool to 35-40 °C before use to prevent tissue damage. 4. Replace the fixative solution with 2 mL of 0.1 M PB. Place the slice in a Petri dish and cut away any excess tissue with a scalpel blade.
Place the trimmed tissue in a Petri dish (diameter of 9 cm, height of 1.4 cm), ensuring that it lies flat with no folds or creases, and remove the excess buffer using a dry paintbrush. 5. Cover the tissue with the warm gelatin solution and place the Petri dish onto a frozen block to quickly cool the solution. 6. Using an angle-poise lamp to provide contrast, look through the side of the dish and keep the slice flat using light pressure from a fine paintbrush until the gelatin begins to set. NOTE: The gelatin can be re-melted if the tissue does not lie flat. Any imperfections on the surface of the gelatin caused by the removal of the paintbrush as it solidifies may be removed by melting the surface layer gently by moving the bulb of the lamp close to the surface for a few seconds. 7. Move the dish of setting gelatin to the fridge and leave at 4 °C for 30-60 min. 8. In a fume hood, cut out a small block (~ 1 x 1 cm) containing the gelatin-embedded tissue of the dish using a scalpel blade, lift the block using a small spatula and carefully place it in the same but fresh fixative solution used to fix the slices for at least 30 min at 4 °C. 9. Wash the gelatin block in 5 mL of 0.1 M PB three times, dry it using a piece of paper tissue and stick the block side up (i.e., with the tissue at the top) onto a vibratome chuck using superglue. 10. Remove excess glue with a piece of filter paper and use a scalpel blade to cut the corners of the block off, leaving a diamond shape. 11. Section the slice at 50 µm thickness using a vibratome and place each section carefully in a glass vial containing 10% sucrose. 12. Carefully pick up a section from the vial, place it flat into a Petri dish lid. Using a dissecting microscope and a fresh scalpel blade, remove the gelatin from around the section and return the section to a vial containing 2 mL of fresh 10% sucrose NOTE: It is crucial to remove as much gelatin as possible at this stage to reduce tissue shrinkage during the dehydration step (Step 1.37). 13. Cryo-protect the sections in 0.1 M PB-based sucrose-glycerol solution at room temperature by incubating them for 10 min in 10% sucrose solution, 20 min in 20% sucrose-6% glycerol solution twice and finally 30 min in 30% sucrose-12% glycerol solution twice under constant agitation. 14. Place the sections flat onto a small rectangle of tin foil using a paintbrush. Remove any excess liquid from the sections and carefully fold the tin foil into a parcel. 32. In a fume hood, place a small circle of filter paper into a Petri dish and dampen it with 0.1 M PB. Lift the sections one at a time from the glass vial using a paintbrush, and place them carefully flat upon the paper. 33. Cover the sections with another moistened circle of filter paper and remove excess buffer by gently touching tissue paper to the surface. 34. Apply 8-9 drops of 1% osmium tetroxide in 0.1 M PB to the top paper, cover the dish and retain in the fume hood for at least 30 min, but no more than 1 h. 35. Open the Petri dish and lift the top filter paper. Lift the sections carefully one at a time with a paintbrush, place them in a glass vial and rinse them in distilled water twice. 36. Dispose of osmium tetroxide waste appropriately. Rinse all disposable equipment and place them in appropriate bins. 37. Place each section flat onto a glass slide and coverslip the sections. Transfer the slide into a Petri dish, place an empty glass vial over the coverslip to retain it in place and cover with 50% alcohol. After 15 min, remove the slide from the solution and remove the sections from the slide. Place the sections back on the slide and then place the slide in 70% alcohol for 15 min. Repeat the same process with 95% and finally 100% alcohol solution. 38. Following the dehydration step, transfer the sections to a glass vial containing 100% alcohol on a shaker in a fume hood. Replace the alcohol solution with propylene oxide (C 3 H 6 O) and wash three times for 5 min. Following the last wash, keep ~2 mL of propylene oxide in the vial and add resin (1:1 ratio). Ensure that the resin is dissolved and keep the sections under constant agitation for 30 min. 39. Place each section in an aluminum planchette containing epoxy resin using a wooden stick and incubate overnight.
NOTE: Do not leave the sections in the resin longer than 24 h to avoid the risk of damaging the sections. 40. Place the planchette over a hot plate for approximately 10 min. Pick up each section with a wooden stick and place them on a clean slide.
Keep the orientation of each section consistent using a dissecting microscope. Place a coverslip over the sections. Place the slide in the oven for 48 h at 56 °C for curing.
3D Neuronal Reconstructions
NOTE: Neurolucida software is used. Instructions provided below only apply to a specific neurone reconstruction system (Table of Materials) . The sections obtained from the cutting are matched prior to the reconstructions using a microscope.
1. Place a slide on the stage and secure with stage clip and open the neuron reconstruction software. Click on Acquire tab and select Live image. 2. Measure the thickness of each section using 100X oil objective lens. Make a note of the value on the z-meter at the top and bottom of each section and calculate the section thickness as the difference of the two values. 3. Use a low-magnification objective to focus on the Home section containing the cell body. Then use a 100x objective, focus on the cell body and click in the center to mark the reference point. 4. From the Trace tab, select Serial Section Manager. Then select Create New Section (+ icon) in the Serial Section Manager window. Enter the number of sections. Name each section in the correct Z order and enter the cut thickness measured in Step 2.2. 5. To trace the soma in 3D using 100X objective, select Contour from the Trace tab and select the Cell Body contour. Use the joystick to move the focus to the very top of the cell body. Place the points by clicking around the perimeter of the part that is currently in focus. Right-click and select Close Contour to finish this first outline. Repeat this process at different z positions until the bottom of the cell body is reached ( Figure  2) . NOTE: Select 3D visualize in Trace tab to visualize the cell body in 3D. 6. To trace the cell body in 2D using 100X objective, select Cell Body from the Neuron menu in the Trace tab. Focus on the middle of the cell body. Place the points by clicking around the perimeter of the cell body. To complete the cell body, right-click and select Finish Cell Body. 7. To trace the dendritic arbor, select Dendrite or Apical Dendrite in the Neuron menu. First trace a short, initial segment for each dendrite using the mouse scroll wheel to adjust the diameter of the cursor to match the diameter of the dendrite. Trace along each dendrites using the joystick to move across the section and the mouse scroll wheel to adjust the diameter of the tracing. 8. Check the alignment of the tracing with the live microscope image and adjust if necessary, especially after moving using the joystick. In the Trace tab, select Align Tracing, click on the tracing and then click on the correct location. 9. When a node in the tree is reached, right-click and select Bifurcating Node or Trifurcating Node from the drop-down menu. 10. When the end of a branch has been reached, select an ending from the drop-down menu in the Neuron menu. Select the correct ending type, i.e., High ending, normal ending or low ending to facilitate matching across sections. 11. Reduce the magnification on the microscope once all dendrites in the current section have been traced, select the Joy Free tab and move to a section that matches immediately above or below the completed section. 12. To identify matching points between the dendrites in a section that matches the completed section, click on the Move tab and select Match points. Select the number of points needed to be matched (three or more points is preferred) and then press OK. Click on the ending of a completed branch and then click on the branch. Repeat this for each match point. Repeat this process at 100X magnification to ensure accurate matching. 13. Add matching branches to the previous section directly by right-clicking on the ending. Select Add to Ending when the branch lines up with the completed traced branch and trace as previously described. 14. Once all the dendrites of each section have been traced, trace the axon using the same process by selecting Axon from the Neuron menu. 
Trouble-shooting
1. Change camera settings. For best results, set the exposure time to less than 100 ms and gain and offset as close to 0 as possible. 2. If the neuron reconstruction software does not automatically display the traced contours as a 3D cell body in 3D visualize in Trace tab, select Select objects in Trace tab, hold down the Ctrl key on the keyboard and click on all the drawn contours, right click and then select Set cell body on the drop-down menu. 3. To adjust the z-parameters of an individual branch, select the tree (Select objects in Trace tab) and set the z-adjustment of all points via the right-click menu drop down. Select Modify z position, then select Shift z value and enter the required value. 4. Realign the reconstructions using 'Go To' in the ' Move' tab when it is necessary to move a large distance over the tracing.
Add additional nodes at any point during the reconstruction process. Select the branch where the node is to be placed into (Select Object in
Trace tab and click on the branch), right-click, and select Insert Node into Selected Tree. Then click on the right location on the branch. 6. When reconstructing a complex neurone, trace matching branches individually and later splice them for easier identification of branches.
Trace the branches in the new section individually and then attach these branches to the matching branches on the previous section by hovering over the ending of the branch to be spliced, right-click and select Splice, then hovering over the ending that the branch is to be spliced to and click. 7. If a branch is traced under the wrong tree type, select the tree, right-click and select Change Tree Type, and select the correct tree type. 8. If a point is incorrectly placed, perform Ctrl + Z, or click the Undo button in the Trace menu to remove the last point. However, this procedure will not work if the joystick is used to move across the section before attempting to remove a point. In this case, the point may be removed when the branch is ended. Select the branch (Press Select Object and click on the branch), hover over the point to be removed, right-click and select remove point. 9. If unsure whether two branches are matched, either 1) use 3D Visualize in Trace tab to check whether the branches match in the z-plane, or 2) use Show Flanking feature in the Serial Section Manager to display sections immediately above and below the current section in grey. 10. If a section is flipped, go to Tools in the Trace tab. Select Adjust XY Scaling and change X-axis to -1. Then select Correct Z-shrinkage and change z-axis to -1. Then trace branches as usual. Remember to reverse these changes when moving to a section which had the original orientation. Changing the x-and z-axis will not change branch ending labels, so take care when splicing that the correct endings are being used. 11. Correct Z-shrinkage can be corrected, if there is a significant difference between the section cut thickness and the mounted thickness measured. In the Trace tab, select Tools, then Correct Z-shrinkage, and enter the shrinkage factor for the z-axis as a decimal representation of the cut thickness divided by the mounted thickness.
Representative Results
Neurons in hippocampal CA2 were filled with biocytin following electrophysiological recordings (Figures 1Ac, Ad and 1Bc, Bd) . The slices were fixed overnight following the recordings and the neurochemistry and morphological characterization of neurons were revealed following the protocol described here.
The calcium binding protein or protein content of filled interneurons was determined by incubating the slices first with primary antibodies and then with fluorescently labelled secondary antibodies. The firing characteristics of the interneurons during the recordings will dictate the choice of primary antibodies used. Avidin-AMCA was used to visualize the biocytin-filled interneuron and anti-mouse fluorescein isothiocyanate (FITC) and goat anti-rabbit Texas Red (TR) were used to characterize the interneuronal neurochemistry (Figure 1Bb) .
Following the fluorescence visualization, an HRP protocol was used to reveal the biocytin (Figure 1Ab) . The fine detailed anatomy of CA2 interneurons was then drawn in 3D using a neuron reconstruction software (Figure 2 and Figure 3a) . A video of a 3D reconstruction of a basket cell recorded and filled in CA2 is displayed in Video. Neuronal reconstructions were considered as complete if both the dendritic and axonal arbors were confined within the depth of the 450-500 μm slice. Poor axonal arbor staining was assessed by the presence of truncated branches with open endings at the top or the bottom of the slice or by a staining that was limited to the axon initial segment and very proximal branches. Figure 4 represents the examples of a good and a poor HRP staining following biocytin visualization.
Morphometric analysis of 3D reconstructions (Figure 3) can be carried out to demonstrate branch complexity, soma surface area and the surface area and volume of the dendritic and axonal arbors. . SO Stratum Oriens, SP Stratum Pyramidale, SR Stratum Radiatum, SLM Stratum Lacunosum Moleculare. (A) Aa: Reconstruction of a CA2 basket cell with restricted dendritic and axonal arbor using a drawing tube (1000X). The dendrites are in black, and the axon is in red. Ab: Image of the biocytin-filled basket cell following the avidin-HRP protocol described here. Ac: Representative trace of voltage responses to hyperpolarizing and depolarizing current injection of a CA2 basket cell with restricted dendritic and axonal arbor. Ad: Example of a CA2 pyramid to narrow arbor basket cell connections recorded using sharp electrodes. Composite excitatory post-synaptic potential (EPSP) averages show brief train depression apparent during responses to trains of three spikes. (B) Ba: 2D reconstruction of a CA2 basket cell with wide dendritic and axonal arbors using a drawing tube (1000X). The dendritic tree of this basket cell (in black) extended radially through all layers of the CA2 region and horizontally in SO and SP of the CA2 and CA3 regions. One horizontal dendrite also reached the CA1 region. The axon (in red) extended to the CA3 and CA1 regions. Bb: The biocytin-filled (AMCA staining) basket cell was PV-immunopositive (FITC staining) and CB-immunonegative (Texas-Red staining). Bc: Representative trace of voltage responses to hyperpolarizing and depolarizing current injection of a CA2 basket cell with wide dendritic and axonal arbor. Bd: Composite EPSP averages show brief train facilitation apparent during responses to trains of three spikes. Examples of other types of interneurons recorded in CA2 can be found in previous studies 25, 30 . Please click here to view a larger version of this figure. Video 1: 3D neuronal reconstruction of a CA2 basket cell with restricted dendritic arbor (also referred to as CA2 narrow arbor basket cell) with its soma in stratum pyramidale, dendrites spanning all layers and axon in CA2 stratum pyramidale and adjacent stratum oriens and radiatum. Very few branches reached the proximal CA3 stratum oriens and CA3 stratum pyramidale. This cell was filled with biocytin following electrophysiological recordings and sections were processed with avidin-HRP following the protocol described here. Due to slicing, only the axon within the depth of the slice was recovered, though the dendrites are intact. Dendrites are in dark pink and axon in white. Layer and region boundaries have been added at the beginning of the video. 3D reconstruction by Georgia Economides-3D video by Svenja Falk. Protect the balance from spills by covering the plate with a circle of filter paper. Carefully weigh the reagents into a tripour beaker in the proportions stated above. Mix thoroughly by vigorously stirring using two wooden sticks for at least 5 min. The mixture should become a uniform density dark brown colour. Place the beaker into the oven at 50 °C for a maximum of 10 min to remove as many air bubbles as possible. NOTE: The resin will start to cure if you leave the beaker in the oven longer than 10 min. Decant the resin out into plastic pots or 5 mL syringes, date them and store in the -20 °C freezer ready for use. 
Discussion
Electrophysiological recordings in vitro (Figure 1 Ac,d and Bc,d) combined with histochemical and immunohistochemical procedures enable the detailed morphology, calcium binding protein content and identity of adult cortical interneurons recorded to be revealed. In the CA2 region, this technique allowed the study of the local circuitry for the first time and revealed subclasses of interneurons that had not been previously described in CA1 or CA3: wide dendritic and axonal arbor basket cells (Figure 1B) , bistratified cells and SP-SR interneurons.
The protocol described here has been optimized to preserve the ultrastructure of the neurons and obtain excellent recovery of both dendritic (including spines) and axonal arbors. Critical steps includes the use of the double fixation technique to enhance contrast for light microscopy 26 and the addition of glutaraldehyde and picric acid solution to the fixative solution to enhance antibody penetration and preserve the neuronal ultrastructure 27 . Gentle freeze-thaw permeabilization gives better preservation of fine structure, while osmication and resin embedding reduce zplane shrinkage 28 . In addition, the visualization of very fine structures (fine axons with small boutons for example) is improved by incubating the sections with H 2 O 2 and NaBH 4 to reduce background staining. Contrast can also be increased with the addition of NiCl 2 to the HRP reaction.
The histological procedure detailed here offers excellent results in terms of reproducibility and reliability. However, the duration of the electrophysiological recordings will determine the quality of the biocytin/fluorescence staining, with shorter recordings usually associated with poor axonal staining. The choice of recording protocols (intracellular recordings using sharp electrodes vs. whole-cell patch clamping) may also influence biocytin retention and preservation of fine anatomy.
While the difficulties encountered in preserving fine structure during histological processing described here and the time taken to reconstruct at 100X magnification (1-4weeks depending on the complexity of the axon) are appreciated, this method gives an accurate representation of dendritic and axonal diameters. The use of less demanding protocols to reveal biocytin-labelling is understandable, however, these often preclude clear visualization of fine axonal branches. Detergents, to promote entry of Avidin-HRP to reveal the biocytin and antibodies, are often necessary in thick sections, but can disrupt fine structure. Neuroscientists search constantly for semiautomatic methods of reconstruction, but, for now and for axons especially, biocytin-HRP with manual reconstruction remains the gold standard 31 .
Highly detailed neuronal reconstructions, especially accurate drawings of axonal boutons and nodes, the presence or absence of myelin and more generally the drawing of complete axonal arbor, with the representation of accurate axon-diameter changes along its length, provide further information for accurate identification of a distinct type of interneurone. Although many interneurons may not fit exactly into a specific class, the technique described above provides correlated data on neuronal electrophysiological properties, the short-term plasticity associated with a specific type of connection and detailed neuronal reconstructions, allowing the wiring diagram, in the CA2 region, for example, to be studied in detail.
Fine, detailed structure is often simplified in computational models. While understandable, this results in the loss of the information that could prove critical in the future. Analysis of detailed 3D reconstructions with parallel synaptic data will allow the addition of further criteria for interneuronal classification. Data can be deposited in public repositories and used by modellers to explore the outcome of sporadic changes in axon diameter and myelination on action potential propagation computationally.
